Noncoding sense and antisense germ-line transcription within the Ig heavy chain locus precedes V(D)J recombination and has been proposed to be associated with Igh locus accessibility, although its precise role remains elusive. However, no global analysis of germline transcription throughout the Igh locus has been done. Therefore, we performed directional RNA-seq, demonstrating the locations and extent of both sense and antisense transcription throughout the Igh locus. Surprisingly, the majority of antisense transcripts are localized around two Pax5-activated intergenic repeat (PAIR) elements in the distal IghV region. Importantly, long-distance loops measured by chromosome conformation capture (3C) are observed between these two active PAIR promoters and Eμ, the start site of Iμ germ-line transcription, in a lineage-and stage-specific manner, even though this antisense transcription is Eμ-independent. YY1 −/− pro-B cells are greatly impaired in distal V H gene rearrangement and Igh locus compaction, and we demonstrate that YY1 deficiency greatly reduces antisense transcription and PAIR-Eμ interactions. ChIP-seq shows high level YY1 binding only at Eμ, but low levels near some antisense promoters. PAIR-Eμ interactions are not disrupted by DRB, which blocks transcription elongation without disrupting transcription factories once they are established, but the looping is reduced after heat-shock treatment, which disrupts transcription factories. We propose that transcription-mediated interactions, most likely at transcription factories, initially compact the Igh locus, bringing distal V H genes close to the DJ H rearrangement which is adjacent to Eμ. Therefore, we hypothesize that one key role of noncoding germ-line transcription is to facilitate locus compaction, allowing distal V H genes to undergo efficient rearrangement.
Noncoding sense and antisense germ-line transcription within the Ig heavy chain locus precedes V(D)J recombination and has been proposed to be associated with Igh locus accessibility, although its precise role remains elusive. However, no global analysis of germline transcription throughout the Igh locus has been done. Therefore, we performed directional RNA-seq, demonstrating the locations and extent of both sense and antisense transcription throughout the Igh locus. Surprisingly, the majority of antisense transcripts are localized around two Pax5-activated intergenic repeat (PAIR) elements in the distal IghV region. Importantly, long-distance loops measured by chromosome conformation capture (3C) are observed between these two active PAIR promoters and Eμ, the start site of Iμ germ-line transcription, in a lineage-and stage-specific manner, even though this antisense transcription is Eμ-independent. YY1 −/− pro-B cells are greatly impaired in distal V H gene rearrangement and Igh locus compaction, and we demonstrate that YY1 deficiency greatly reduces antisense transcription and PAIR-Eμ interactions. ChIP-seq shows high level YY1 binding only at Eμ, but low levels near some antisense promoters. PAIR-Eμ interactions are not disrupted by DRB, which blocks transcription elongation without disrupting transcription factories once they are established, but the looping is reduced after heat-shock treatment, which disrupts transcription factories. We propose that transcription-mediated interactions, most likely at transcription factories, initially compact the Igh locus, bringing distal V H genes close to the DJ H rearrangement which is adjacent to Eμ. Therefore, we hypothesize that one key role of noncoding germ-line transcription is to facilitate locus compaction, allowing distal V H genes to undergo efficient rearrangement.
noncoding RNA | V(D)J rearrangement | CTCF | long-range interactions A ntigen receptors in lymphocytes are assembled in the highly regulated lineage-specific process of V(D)J recombination, which creates a diverse repertoire of Ig and T-cell receptors. In each precursor lymphocyte, one each of the many V, D, and J gene segments at the appropriate receptor loci are juxtaposed to create a V(D)J exon encoding the variable region of the antigen receptor. In B-lineage progenitors, rearrangement occurs first at the Ig heavy chain (Igh) locus, where D H to J H rearrangement occurs first on both alleles, followed by V H to DJ H rearrangement (1) . After successful rearrangement of the Igh locus, rearrangement at the Igk light chain locus begins. These successive stages of rearrangement have been proposed to be regulated by differential accessibility of different portions of the loci at the appropriate time for rearrangement (2) . Early indications of this stage-specific and lineage-specific accessibility came from the observation that unrearranged gene segments underwent noncoding transcription at the stage immediately preceding their rearrangement (3, 4) .
The murine Igh locus spans ∼2.8 Mb, of which ∼2.4 Mb contains the 195 V H gene segments (5) . The V H genes are divided into 16 V H gene families based on sequence homology. The largest V H family is J558, which occupies the 5′ distal half of the V H region. In order for V H genes spread throughout this large region to find the single rearranged DJ H gene for rearrangement, the Igh locus undergoes dramatic changes in its 3D structure (6-9). Three-dimensional FISH studies showed that the Igh locus compacts at the pro-B-cell stage, and decontracts at the subsequent pre-B-cell stage (10) . By measuring spatial distances between 11 small probes spread throughout the Igh locus, Jhunjhunwala et al. demonstrated that distal V H genes moved dramatically closer to the D H genes specifically at the pro-B-cell stage (9) . Computational as well as geometrical approaches in their study suggested that the Igh locus is organized into rosettelike clusters of loops in pre-pro-B cells that compact during rearrangement in the pro-B-cell stage. Several transcription factors have been reported to be required for proper Igh locus compaction, including Pax5, YY1, and Ikaros (7, 11, 12) . These proteins have also shown to be essential for the rearrangement of distal V H J558 genes, but are not required for proximal V H gene rearrangement. This process has led to the paradigm that the process of locus compaction is responsible for bringing the V H genes in the middle and distal portions of the Igh locus into proximity to the single rearranged DJ H gene that may be up to 2.4 Mb away from the incoming V H gene. However, the precise manner in which these proteins result in locus compaction and distal V H gene rearrangement is unknown. In addition to the role of these transcription factors in controlling distal V H gene rearrangement and locus compaction, proteins involved in higher-order chromatin structure and nuclear architecture may also be involved. Recently we have shown that a ubiquitously expressed insulator protein CTCF was bound at many sites within the Igh locus, and we therefore hypothesized that CTCF would play a role in Igh locus 3D structure and contraction (13, 14) . Indeed, knockdown of CTCF did result in a more extended Igh locus in pro-B cells (15) .
The noncoding germ-line transcription from unrearranged V H genes and across the J H -Cμ regions of the Igh locus in pro-B cells was first reported over 25 y ago, and these observations gave rise to the accessibility hypothesis (3, 4) . Transcription through the J H -Cμ region begins at two sites: the μ 0 transcript starts upstream of the most 3′ D H gene, DQ52, and the Iμ transcript begins at the intronic enhancer Eμ (4, 16). Transcription in the V H part of the locus has been detected in both the sense (same transcriptional orientation as the V H genes) and, more recently, antisense direction (3, 17) . The V H sense transcripts are easily seen at V H J558 genes, and sense germ-line transcripts from other V H families are present, but are far more difficult to detect (3, 18) . The sense transcription at V H regions begins at the V H gene promoter and ends shortly after the end of the coding region for the few transcripts that have been cloned, whereas antisense transcription is spread over intergenic regions (3, 17) . The antisense transcription in the V H locus initiates in pro-B cells after DJ H recombination is accomplished (17) . The timing of both sense and antisense germ-line transcription precisely correlates with the timing of rearrangement, and thus has been proposed to make the regions accessible for rearrangement (2, 3) . The regulatory elements and transacting factors for the antisense transcripts are not known, other than the recently described Pax5-activated intergenic repeat (PAIR) elements (19) . These 14 PAIR elements contain binding motifs for Pax5, CTCF, and E2A. Transcription from PAIR elements is dependent on the transcription factor Pax5, which only binds to these elements in pro-B cells (19) . Data from our laboratory demonstrated that CTCF acts as negative regulator of transcription from PAIR elements because the knockdown of CTCF resulted in increased antisense transcription from PAIR elements in pro-B cells (15) . However, the direct role of antisense transcription in V(D)J recombination has not been determined.
In the present study, using directional RNA-Seq analysis of the Igh locus, we show that the distal V H portion of the Igh locus shows extensive antisense transcription, which is primarily localized downstream of 3 of the 14 PAIR elements. Importantly, we demonstrated that the PAIR promoter regions of antisense transcription in the distal V H region directly interact with Eμ, the start site of the Iμ transcript, even though the PAIR transcription was Eμ-independent. These transcription-mediated DNA loops were made in a strict lineage-and stage-specific manner. Antisense transcription and PAIR-Eμ interactions were drastically reduced in YY1 −/− pro-B cells, which are impaired in Igh locus compaction and distal V H gene rearrangement (11) . Because transcription takes place in discrete nuclear structures called transcription factories (20, 21) , we hypothesize that localization in a common transcription factory may be the mechanism by which these distal regions came into proximity with Eμ, and this colocalization may initiate locus compaction. We propose that transcription-mediated long-range interactions at transcription factories is one of the key roles of noncoding antisense and sense transcription during V(D)J recombination, and that the transcription might initially alter the 3D conformation of the Igh locus, bringing the distal part of the locus close to Eμ, which is within ∼2 kb of the DJ H rearrangement to which one of the V H genes will recombine. Noncoding germ-line transcription from unrearranged V H genes and intergenic regions of the Igh locus have been well documented (3, 17) ; however, no detailed genome-wide study has been done to quantitate and map all of the sense and antisense germ-line transcripts in the Igh locus. Therefore, we performed directional RNA-seq that can identify transcripts in both sense and antisense orientations using RNA from freshly isolated Rag1 −/− pro-B cells. The number of reads from the first run clearly showed all of the major noncoding transcripts, but was not high enough to allow analysis of weak transcript levels (Fig. S1A) . Therefore, we subsequently performed a pre-enrichment of RNA on custom Agilent arrays coated with all of the nonrepetitive DNA from the Igh locus, and ran a second RNA-seq experiment with this enriched RNA sample. This approach provided many more reads for the weaker V H sense transcripts (Fig. S1B ). Both RNA-seq analyses agreed in general. Surprisingly, by far the strongest transcription within the V H portion of the locus was the antisense transcription in the V H J558 region, and most of these transcripts originated from PAIR4 and PAIR6 elements, with a smaller level from PAIR11 ( Fig. 1 ). PAIR4 and PAIR6 also showed very strong Pol II binding and H3K4me3 (Fig. S1D ). In addition, two lower broad regions of antisense transcription were observed, one initiating sharply between V H 12.1.78 and J606.1.79, encompassing most of the J606 genes, and the other broad peak encompassing the more proximal V H J558 genes (Fig. S2 ). The latter is in the region where the original V H antisense transcripts were described (17) . We observed very strong peaks of sense transcripts through the μ 0 and Iμ regions, as expected, and these were highly enriched in Pol II binding and H3K4me3 (4, 16) (Fig. S1C) . We also observed low levels of sense transcripts throughout the V H locus, the vast majority of which colocalized with V H coding regions (Figs. S1 A and B and S3). Almost all of the individual functional V H genes from the 7183, Q52, SM7, V H 10, and 3609 and families had some low level of sense transcripts, but many of the J558 genes and two of the SM7 genes, especially SM7.2.49, had somewhat higher levels of expression (Fig. S3) . Although the sense transcripts were primarily confined to the coding region of V H genes, there were some regions where sense transcripts were also found in intergenic regions, especially in the J558 region. Two intergenic regions, between 7183.7.10 and PG.1.11 and between J558.87.193 and J558.88.194, had relatively high levels of sense transcription (Fig. S3B ). Fig. 2A) . These results clearly demonstrate that YY1 acts as positive regulator of both sense and antisense transcription in the distal V H region.
YY1 has been shown to bind to the Eμ enhancer (22) . Because YY1 −/− pro-B cells do not undergo Igh locus compaction and do not express sense or antisense transcripts initiating in the distal V H portion of the locus, we wished to determine if YY1 bound to sites other than Eμ in the Igh locus, particularly in the V H region. We therefore performed ChIP-seq for YY1 using freshly isolated pro-B cells from Rag1 −/− mice (Fig. 2B ). As expected, Eμ was the most enriched site in the Igh locus for YY1 binding, and the level of binding was low throughout the 2.4-Mb V H portion of the Igh locus. To determine more precisely if there was truly a low level of YY1 binding within the V H locus, we tested several locations, including small peaks identified in the ChIP-seq, by conventional ChIP/ quantitative PCR (qPCR) assay in Rag1 −/− pro-B cells (Fig. 2C) . Our results showed that 3′RR/CTCF (hs7, hs6) and DFL/CTCF regions had little enrichment of YY1 binding. However, some regions within the V H locus showed low level enrichment of YY1. Four of the peaks identified in the ChIP-seq (V H A, V H B, V H C, and V H D) exhibited some low-level YY1 binding by ChIP/ qPCR. One of those sites, V H B, was located at the start of the antisense transcription at the J606 region. PAIR elements also showed YY1 binding. Because antisense transcription in the distal V H J558 region was greatly reduced in YY1 −/− pro-B cells, we examined the binding of YY1 on the previously described J558 5′ and 3′ intergenic regions but observed minimal enrichment by ChIP/qPCR at these sites. However, these primer sites are unlikely to be in the promoters. Other sites [CTCF binding sites V H 1, V H 3, V H 10 (13)] with no evidence of YY1 binding by ChIP-seq were tested and were negative. Thus, taken together, our results demonstrate that YY1 binds at low levels to several sites within the V H locus, including near the start sites of some of the major antisense transcripts, and that either directly, by binding to these sites, or indirectly, YY1 is essential for noncoding transcription in the distal half of the V H locus.
Because transcription from PAIR elements has been shown to require Pax5 binding (19), we tested Pax5 expression levels by qPCR ( RNA Pol II-mediated transcription occurs in discrete nuclear structures called transcription factories, and many genes are transcribed in each transcription factory (20, 21) . Thus, if the Iμ transcription at Eμ and the antisense transcription are taking place in the same transcription factory, which would be reasonable because they are within 2 Mb of genomic distance, then the act of moving to the same transcription factory could directly result in looping and contraction of the Igh locus, bringing distal V H genes close to the DJ H rearrangement that is adjacent to Eμ. Therefore, our finding that the presence or absence of antisense transcription in the distal V H region is correlated with the extent of distal V H gene recombination led us to hypothesize that the transcription machinery may be actively involved in establishing long-range DNA interactions between promoters in the distal V H region and Eμ. To address this hypothesis, we used a quantitative chromosome conformation capture (3C) assay to ask if there were specific direct interactions between Eμ and the most highly transcribed regions in distal V H locus, PAIR4 and PAIR6 (Fig. 3A) . Our analysis revealed interactions between both PAIR elements and Eμ in freshly isolated Rag1 −/− pro-B cells (Fig. 3B ). To determine whether or not these loops were present before the pro-B-cell stage, we also tested these interactions in E2A −/− pre-pro-B cells and found that these interactions were absent. In addition, thymocytes and murine embryonic fibroblasts also showed minimal PAIR-Eμ interactions (Fig. 3B) . All of these other cell types do not make PAIR-directed transcripts. We conclude that interactions between PAIR elements and Eμ occur in a developmental stage-and lineage-specific manner, and correlate precisely with the transcriptional activity of the PAIR elements.
To further examine whether the formation of DNA loops between PAIR elements and Eμ correlates with antisense transcription, we analyzed 3C interactions in primary YY1 −/− Rag1 −/− pro-B cells, which have greatly reduced levels of antisense transcripts. We observed that the PAIR4-Eμ and PAIR6-Eμ 3C interactions were greatly reduced in YY1 −/− Rag1 −/− pro-B cells compared with Rag1
−/− pro-B cells (Fig. 3C) . However, the interaction between CTCF/DFL and CTCF/3′RR remained largely unaffected in YY1 −/− Rag1 −/− pro-B cells, as expected because these loops are CTCF-mediated (Fig. S4) . Because CTCF knockdown leads to increased PAIR antisense transcription (15), we examined these PAIR-Eμ interactions in CTCF knocked-down pro-B cells. The 3C assay requires large numbers of cells in which CTCF has been knocked down, precluding the use of ex vivo pro-B cells. We therefore transduced a Rag2 −/− pro-B-cell line with retroviruses expressing control or CTCF shRNA. The cells were harvested 4 d after transduction and prepared for 3C analysis. We observed that CTCF knock-down modestly enhanced 3C interactions between the PAIR elements and Eμ, although it did not achieve statistical significance (Fig. 3D) , and it reduced the interaction between CTCF/DFL and CTCF/3′RR, as expected (Fig. S4) . Thus, the extent of DNA looping between PAIR elements and Eμ in both CTCF knockdown pro-B cells and in YY1
−/− pro-B cells correlates with the level of antisense transcription at the PAIR elements.
When promoters are dependent upon enhancers, those two regulatory elements often interact. Therefore, we wanted to determine whether the Eμ enhancer is required for the antisense transcription in the distal and proximal V H J558 region. We assayed antisense transcription in pro-B cells from core Eμ −/− mice (23). Because these mice are on the 129 background, we compared them to control pro-B cells from C.129 Rag1 −/− mice (Fig. 3E) . These results clearly demonstrate that Eμ is not required for antisense transcription in distal V H region.
To more directly test the hypothesis that transcription, possibly at a transcription factory, is required for the long-range looping between Eμ and PAIR elements, we took advantage of published data demonstrating that blocking transcription initiation by heat shock can partially disrupt a transcription factory, whereas blocking transcriptional elongation will not disrupt an already existing interaction at a transcription factory (24) . We therefore tested 3C interactions between PAIR elements and Eμ under these conditions. First, we treated primary Rag1 −/− pro-B cells with heat shock. We confirmed that our heat-shock treatment worked by assaying the induction of the heat-shock-specific gene, HSP70 (Fig. 4A) . As expected, the levels of PAIR antisense transcripts were reduced following heat shock. We demonstrated that the 3C interactions between the PAIR elements and Eμ were significantly reduced after the heat-shock treatment (Fig. 4C) . Next, we blocked transcriptional elongation in pro-B cells with 5,6-Dichloro-1-β-D-ribofuranosylbenzimidazole (DRB), which specifically blocks transcriptional elongation (25) . We incubated pro-B cells with 100 μM DRB for 3 h, which greatly reduced PAIR transcription (Fig. 4B) , and demonstrated that inhibition of transcription by DRB had no effect at all on long- range DNA looping between PAIR elements and Eμ (Fig. 4D ). This finding is consistent with the hypothesis that these interactions could be taking place in a transcription factory. This result also clearly reveals that antisense transcript itself is not required for the maintenance of these long-range interactions, although its initial transcription is presumably required.
Discussion
Sense and antisense germ-line transcription at the Igh locus have been predicted to regulate V(D)J recombination by increasing the accessibility of Igh locus. Although it has been known for a long time that germ-line noncoding transcription takes place in pro-B cells, the extent and location of all of the sense and antisense transcription throughout the Igh locus has not previously been described. Here, using directional RNA-seq in Rag1 −/− pro-B cells, we identified the full transcriptome of sense and antisense transcription throughout the Igh locus. In the sense direction, the μ 0 and Iμ transcripts were by far the most predominantly expressed, as expected. Surprisingly, there were only two major regions with a high level of antisense transcription, and they were located at the PAIR4 and PAIR6 elements in the distal V H 3609/J558 intergenic region. In addition, lower-level antisense transcription was observed at PAIR11, and even lower antisense transcription was seen in a broad region in the proximal half of the V H J558 region, and in the vicinity of the V H J606 genes. The level of sense transcripts at V H genes was lower than that of the antisense transcripts. Sense transcription was higher at functional V H J558 and V H SM7 genes than any other V H genes in general, although most V H 7183, Q52, SM7, V H 10, and J558 functional genes, but not pseudogenes, had some detectable sense transcription. Other V H genes may have sense germ-line transcription, but at levels below the resolution of this RNA-seq. Nascent transcription in the nucleus occurs in discrete sites, termed transcription factories, which contain high concentration of Pol II (20) . Studies have shown that rather than the transcriptional machinery being recruited to and moving along the chromatin template, it is the genes that move to Pol II in the transcription factory (21) . There is considerable amount of data suggesting that active coregulated genes from the same or different chromosomes often associate in the same factory (26) (27) (28) . Given the precise timing of sense and antisense noncoding transcription, it seemed reasonable to propose that these transcriptionally active V H regions, especially from the distal V H 3609/J558 part of the Igh locus, would be brought into close proximity to the highly transcribed Eμ region at a transcription factory, as previously suggested (29) . Thus, transcription within transcription factories might be playing an important role in mediating the long-range chromatin interactions required to bring distal V H genes in close proximity to the DJ H locus during V H to DJ H recombination. Our results demonstrating DNA looping between PAIR elements and Eμ in pro-B cells support this hypothesis. The presence of these DNA loops only in pro-B cells, but not in pre-pro-B cells, thymocytes, or murine embryonic fibroblasts where noncoding transcription is absent, further suggested that these DNA loops are formed as a result of active transcription.
Additional support for this hypothesis came from other observations. First, we found that YY1 −/− pro-B cells, which express negligible antisense transcripts and few sense transcripts, also demonstrated greatly reduced DNA looping between PAIR elements and Eμ regions. In addition, we observed reduced 3C interactions between PAIR elements and Eμ regions when pro-B cells were treated with a short heat shock. The heat-shock conditions used in our experiment have previously been demonstrated to partially dissociate genes from transcription factories (24) . These data are consistent with the hypothesis that transcription factory-mediated DNA looping occurs in the Igh locus, although this data should be interpreted with the caveat that the heat-shock treatment may affect other cellular functions. In contrast to the heat-shock treatment, it has previously been demonstrated that DRB treatment, which blocks transcription elongation, will not disrupt the interaction of DNA that is already in a transcription factory (24) . DRB treatment showed a strong reduction in the level of antisense PAIR transcripts. However, this treatment did not affect the long-range DNA interactions between PAIR elements and Eμ, consistent with the hypothesis that these interactions are taking place in a transcription factory, although this is not the only interpretation of the data. The DRB result also demonstrates that the noncoding PAIR transcripts themselves do not mediate these long-range interactions. Together, the heat-shock treatment and DRB treatment data are consistent with the hypothesis that these PAIR-Eμ interactions take place in a transcription factory, but they do not constitute proof that this is the location where the interactions are occurring.
We suggest that once the strong antisense PAIR4 and PAIR6 regions are recruited into transcription factories along with Eμ, a subset of the many V H sense promoters or other antisense promoters that are active in a given pro-B cell will also be recruited into the same transcription factory, bringing a variety of V H genes in close proximity to Eμ region and its closely linked rearranged DJ H region (Fig. S5) . Hence, we propose that antisense and sense noncoding transcription plays an important role in the formation of the compacted recombination foci in which V(D)J recombination will subsequently take place. Our ChIP-seq analysis has shown that these transcriptionally active PAIR elements are also enriched for H3K4me3 modification (Fig. S1 C and D) , which will aid in the recruitment of RAG2 (30, 31) . Therefore, the transcription factory can also act as a platform to recruit the recombination machinery for V(D)J recombination. We predict that the transcription factory-dependent interactions of the many low-level sense-transcribed V H genes and the weaker antisense transcribed regions will be stochastic, and that only a subset of V H genes will be associated in a transcription factory in each pro-B cell at a given time. Assuming that the association of the V H genes into transcription factories will be both random and dynamic, this would aid in the creation of a diverse repertoire of Igh rearrangements. This association could also account for the compacted 3D structure of the Igh locus during V H -DJ H rearrangement.
YY1 is known to be bound at Eμ (22) , so the absence of YY1 binding to Eμ might be sufficient to result in the previously observed lack of locus contraction in YY1 −/− pro-B cells (11) . However, it has been shown that sense and antisense transcription in the distal V H region does not depend upon Eμ (32, 33) , and we showed here that PAIR antisense transcription is also independent of Eμ. Thus, we predicted that it is likely that YY1 has an additional, and perhaps a more direct, effect on the regulation of antisense transcription. We therefore performed ChIP-seq and ChIP/qPCR with YY1 on Rag1 −/− pro-B cells. Indeed, ChIP/qPCR demonstrated a low level of enrichment at a few sites chosen from the ChIP-seq data, such as at the PAIR elements and near the promoter of the J606 antisense transcripts. Thus, we predict that one role of YY1 in inducing locus compaction may involve YY1 regulating antisense promoters, in addition to its role as a key Eμ binding transcription factor. It should be noted that our ChIP/qPCR results differ somewhat from the published results of Guo et al. (34) . The difference may possibly be because of the fact that we analyzed freshly isolated Rag1 −/− pro-B cells, whereas Guo et al. studied Abelson transformed cell lines. Furthermore, we observed that the level of Pax5 mRNA is twofold lower in YY1 −/− pro-B cells, and binding of Pax5 to the PAIR promoters also reduced. Because Pax5 is essential for antisense transcription from PAIR elements (19) , this could also contribute to the reduction in PAIR-supported antisense transcription. In addition, we demonstrated that YY1 −/− pro-B cells showed greatly diminished interactions of PAIR elements with Eμ. We hypothesize that the absence of transcription per se is what is responsible for the lack of PAIR-Eμ long-range interactions in YY1 −/− pro-B cells, and hence lack of locus compaction.
Although we propose that the movement of sense and antisense promoters to the same transcription factory as Eμ would create a looped compacted structure, this is unlikely to be sufficient to endow full accessibility of V genes to subsequently undergo V(D)J rearrangement. The insertion of transcriptional terminator cassettes downstream of TEA or Jα56 showed that the rearrangement of the downstream 5-10 Jα genes was reduced, as was the level of AcH3 and H3K4me3 on those nontranscribed genes (35, 36) . Thus, we propose a two-step model in which transcription facilitates the looping and contraction of the locus by bringing distal regions together with Eμ, possibly in a common transcription factory, in the first step (Fig. S5) . This restructuring of the locus would be in the context of a locus that already has a CTCF-orchestrated 3D structure (15) . This restructuring could be followed by additional stochastic and dynamic interactions from the many sense and antisense germ-line promoters throughout the Igh locus, further compacting the locus. Thus, this first step involves major changes in the 3D-structure of the locus, bringing the distal part of the locus close to Eμ (i.e., locus compaction) and we suggest it is facilitated by noncoding transcription as well as CTCF/cohesin-mediated loops. The second step would be the generation of accessibility at the recombination signal sequences (RSSs), which is likely to be accomplished by transcription through the V, D, or J genes and the RSS, which also endows the gene with H3K4me3 and thus will aid in RAG2 recruitment (30, 31) . Furthermore, RAG1 binding is dependent upon intact promoters and enhancers as well as on transcription across the RSS (37) .
Taken together, our experiments provide a direct test of the hypothesis that the transcription machinery itself, possibly via transcription factories, may act as a molecular tie, which plays a pivotal role in the first step of bringing the distal V H region into close proximity to the DJ H region to which one of the V H genes will recombine. The presence of sense promoters at each functional V H gene, and of many antisense promoters throughout the distal V H J558/3609 region provide a wealth of sites, a dynamic and stochastic subset of which could go to the Eμ-containing transcription factory in each pro-B cell, and thus position the neighboring V H genes in an optimal location for rearrangement.
Materials and Methods
Mice, Cell Lines, and Pro-B-Cell Isolation. Mice and cell lines are described in SI Materials and Methods. Rag −/− and YY1 −/− pro-B cells were obtained from bone marrow cells by isolation using CD19 Microbeads (Miltenyi). All pro-B cells were used directly ex vivo, except for the CTCF knockdown experiments.
RNA-Seq, ChIP, ChIP-Seq, and RT-PCR Analysis. For RNA-seq, 10 μg of total RNA was depleted of ribosomal RNA using RiboMinus (Invitrogen) kit. The details of fragmentation, linker ligation, and sequencing are provided in SI Materials and Methods. ChIP and ChIP-seq samples were prepared as previously described (15) . The list of antibodies used is given in SI Materials and Methods, and primers in Tables S1 and S2 .
CTCF Knockdown and 3C Analysis. The 3C analysis and the knockdown were performed as previously described (17) . CTCF knockdown was performed on 4-d cultured pro-B cells with retroviral vectors containing CTCF shRNA target and control sequences. Additional details for both protocols are provided in the SI Materials and Methods and Table S3 . See Table S4 for statistical analysis.
